The storage and distribution of copper, cadmium, and uranium and their effects on ionic contents in roots and shoots of Azolla filiculoides has been studied by x-ray microanalysis. The relative content of copper was eightfold higher in the root than in the shoot, suggesting low mobility of this metal in Azolla plant. Cadmium relative content in the shoot was similar to its content in the root, hence its mobility was relatively high. The absence of significant uranium quantities in the shoot and its relative high content in the root suggest the immobility of this metal from Azolla root. Cadmium formed precipitates with phosphate and calcium in xylem cells of the shoot bundle and caused a two-to threefold increase in the content of phosphate in the root. Uranium in roots and cadmium in shoots were associated with calcium. All three treatments caused losses of potassium, chloride, and magnesium from Azolla roots. Accumulation of heavy metals in Azolla and their mobility from the root to the shoot can be correlated with damage caused by the loss of essential nutrients.
The increasing interest in environmental pollution has led to investigations on heavy metal uptake and binding in plants. The content of cadmium in rice grown in soil containing 160 ppm cadmium was less than 1 ppm in leaves and up to 1.1 ppm in the grains (1) . The content of cadmium in wheat, corn, and soybean was high-48, 94, and 35 ppm in the leaves and 14, 7, and 24 ppm in the seeds, respectively (1) . Corn and barley grown in the presence of 1 ppm cadmium in solution were found to contain 227 and 75 ppm cadmium in the leaves, respectively. A 50% growth depression in corn and barley was observed with 1.2 and 5.6 ppm cadmium in solution, respectively (16) . Copper accumulation in the grass Stereochlaena cameronii was high in roots-775 ppm, and low in leaves-95 ppm (22) .
Water hyacinth was found to accumulate cadmium, lead, and mercury to about 500 ppm of each of these metal ions (3) .
Chlorella regularis cells were found to accumulate 15,600 ppm uranium (10) . The higher content of heavy metals in these aquatic species may indicate the presence of effective means for heavy metal removal and has led us to test the uptake and accumulation of heavy metals by the aquatic fern Azolla. Azolla has a branched floating stem that bears alternately arranged, overlapping leaves. Each leaf consists of a ventral achlorophyllous lobe and a dorsal chlorophyllous lobe that contains the nitrogen-fixing symbiont Anabaena azollae in special cavities.
True roots occur at branch nodes on the ventral surface of the stem (17) . ' Supported by a research grant from the State of Niedersachsen, FRG.
Azolla filiculoides has recently been found to take up and accumulate heavy metal ions, demonstrating a high binding capacity (M Sela, J Garty, E Tel-Or, submitted for publication). The contents of cadmium, copper, and uranium for the Azolla whole plant grown in the presence of 10 ppm metal were 6,021, 5,365, and 5,082 ppm, respectively, as detected by atomic absorption of digested plants. Cadmium and copper contents in the roots of these plants were 14 ,328 and 23,941 ppm, respectively, and their contents in the shoot were 4,857 and 2,748 ppm, respectively.
The aim of this investigation was to analyze the localization of copper, cadmium, and uranium in shoot and root tissue of Azolla and in Anabaena cells. Furthermore, the effect of these heavy metals on the contents ofchloride, phosphorus, potassium, sodium, magnesium, calcium, and iron in Azolla tissues and in Anabaena cells was studied. This may be important for an understanding of the action of heavy metals in plant tissues. In order to prevent the loss of water soluble ions, this study used a recent improvement in tissue fixation technique (6) that has been successfully used for localization of water-soluble material, e.g. sugars (23) , assimilates (5-7), and ions (8, 29) . Difficulties encountered with the plastic infiltration of freeze-dried plant tissue have been largely overcome by utilizing pressure during infiltration (6) . MATERIALS (Fig. 3) . The average content of cadmium in the root grown in the presence of 1O ppm cadmium was 2.8 RCU except for the outer cell wall of the epidermis, which was significantly higher (Fig. 3) . The root of a plant grown in the presence of 10 ppm uranium contained an average of 6.7 RCU of uranium in outer and inner cells of epidermis and tangenital and radial cells of parenchyma. The uranium content was low in the bundle cells and high in the cytoplasm (Fig. 3) . In the latter, uranium was detected as clusters of little black dots containing 11.0 RCU uranium.
Copper content in copper-grown Azolla shoot was low, below 3 RCU, and no significant difference was detected between the areas of the cross sections (Fig. 4) . The content of cadmium in the cadmium-grown Azolla shoot was very similar to the content observed in the root, approaching 2.5 RCU (Fig. 4) Figure 6 , A and B). High cadmium content was also observed in black oval bodies, about 0.2 ,m length, which were located within the cell walls of most of the bundle cells, Figure 7 , and contained high phosphorus and calcium. The black oval bodies were also observed at low frequency in other regions including the Anabaena cells.
2 Abbreviation: RCU, relative content units.
No detectable uranium was observed in shoots of uraniumgrown Azolla (Fig. 4) . This demonstration of the immobility of uranium from the root to the shoot may explain the low toxicity of uranium to the Azolla plant (M Sela, E Fritz, A Huttermann, E Tel-Or, in preparation).
Amounts of copper and cadmium detected in Anabaena cells in the leaf cavity were similar to their content in other regions of the shoot. This indicates that the metals are mobile to the leaf cavity and that the cyanobacterial cells do not differ in their metal content from the Azolla cells (Fig. 4) . Effect of Heavy Metals on Content of Calcium, Potassium, Chloride, Phosphate, Magnesium, and Iron. The content of calcium in an untreated control root cross-section is low in all regions except for a high content in the cell wall of the epidermis (Fig. 8) . Calcium content in roots ofplants grown in the presence of uranium increased to a value of 10 to 14 RCU in all regions. The growth ofAzolla in the presence of copper or cadmium did not affect significantly the content of calcium in the root, except for decreases in the calcium content in the outer cell wall of the epidermis.
The content of calcium in the shoot of plants grown in the presence of the uranium was 0.8 to 1.1 RCU in all regions, and in the presence of copper it was 2.5 to 3.0 RCU in all regions. Calcium content in the presence of cadmium was 2 to 3 RCU in all regions, except for the dark grains where calcium content was 5.6 RCU.
The content ofpotassium in the root cross section was affected by all three treatments (Fig. 9) . Azolla grown in the presence of uranium exhibited a decrease in potassium content in all regions of the root cross-section. Copper, too, caused a decrease in potassium content in all regions, except for the radial parenchyma cell walls, and cadmium caused a decrease in the content of potassium in the outer cell wall of the epidermis and the cytoplasm.
The potassium content in the shoot ofthe copper-grown Azolla was two-to threefold higher in all regions as compared to the control Azolla shoot. It seems that copper may enhance the translocation of potassium from the root to the shoot. The effect of uranium on potassium content in the shoot ofAzolla was not significant, when compared to the control shoot. Hence, the decrease in potassium content of uranium-treated root could Bi . . . involve leakage to the medium, rather than movement of potassium to the shoot. Cadmium, too, had no effect on potassium content in the shoot. The analysis of chloride in Azolla root (Fig. 10) , demonstrated significant decreases in chloride content in the presence of uranium and copper and a moderate decrease in the presence of cadmium, the exception being an increase in chloride in bundle cells of cadmium treated plants. The content of chloride in the shoots was not significantly affected by any of the tested heavy metals. These results suggest that uranium and copper caused a leakage of chloride from the root to the medium.
A two-to three fold increase of phosphate content in roots of Azolla grown in the presence of cadmium was demonstrated in all regions, while copper and uranium had no effect (data not shown). The high content of phosphate observed in the large black grains in the shoot sample of the cadmium-grown fronds, shown earlier in Figure 6 , suggests that the phosphate was complexed or precipitated with cadmium. However, phosphate content in the overall shoot specimen was not higher than in the control.
Roots of Azolla, grown in the presence of uranium, copper, and cadmium lost much of their magnesium content in all regions, and the most significant loss was observed in the cytoplasm (Fig. 1 1) .
There was no effect ofuranium and copper on the iron content in the root (data not shown). Roots grown in the presence of cadmium exhibited an increase of iron content in the cell wall of epidermis from 4 to 7 RCU, and three-to eightfold in the other regions. Sodium content in the copper-treated roots was decreased to half that of the control (from 1.0 to 0.5 RCU) and was not affected by uranium and cadmium. Fig. 1 ).
DISCUSSION
The studies reported in this communication provide evidence for the pattern of intracellular heavy metal localization ofAzolla and for the mobility of heavy metals from the root to the shoot. High quantities ofcadmium, copper, and uranium were localized within the cell wall moiety in the shoot and the root of Azolla. These observations agree with previous reports for rice (4) and Zea mays (13) where cadmium was primarily bound to the cell walls of the root. Copper was retained mainly in Agrostis cell wall fraction (26) , and as much as 95% of the total content of uranium taken up by Chlorella was associated with the cell walls (10) . On the other hand, as much as 70% of cadmium absorbed by beans was stored in the cytoplasmic fraction in roots and leaves (28) , and in Becium leaves copper was mainly stored in the cytoplasm (21) .
A low mobility rate of copper is suggested in view of its low content in the shoots compared to its content in the root. Similarly, copper was mainly restricted to the roots of Agrostis (30) , where its content was 163 times higher than in the shoot. Roots of Triticum aestivum contained 53 times more copper than its shoots (24) . In contrast, a major fraction of copper absorbed by Becium (20) was translocated from the roots to the shoots. (19) .
In contrast to low mobility of cadmium reported for rice (4) and twenty other plant species (1 1), a relatively high mobility of cadmium was observed in Azolla. High mobility of cadmium was also reported for radish, where the tops contained 403 ppm compared to 174 ppm cadmium in the roots (14) .
A number of heavy metal binding groups were suggested to play a major role in plant cells: polyuronic acid in mosses (25) , pectic acid in Agrostis (18) , polyphosphates in Plectonema (12) , and phytochelatins in higher plants (9) . Our studies have provided evidence for the involvement of phosphate or calcium phosphate granules as a specific means for cadmium binding.
The fixation procedure of the Azolla tissue employed in these studies immobilized the soluble monovalent ions, such as potassium, sodium, and chloride and the less soluble bivalent ions, calcium, magnesium, and iron. We have therefore analyzed the content of these ions, as affected by the heavy metal treatment, to search for possible mechanisms of heavy metal damage and toxicity in Azolla.
The influence of uranium on the content of essential elements was characterized by increasing calcium and decreasing magnesium in Azolla root. Uranyl ions have been shown to compete with magnesium and calcium on their binding sites in the lichen Cladonia (2) . The loss of magnesium from Azolla root treated Figure 5 . Note that the spectrum ofK in (B) is overlapping with the second peak ofcadmium, and the real content of potassium is very low. Calcium is absent in (A) and appears only in (B); the overlapping peak to calcium in (A) is contributed by potassium. with uranium could be explained by competition between the two cations. The losses of magnesium from cadmium-treated Azolla roots were similar to those reported for Plectonema treated with cadmium (12) .
Copper was found to cause a decrease in potassium content in Azolla roots, similar to earlier reports on the leakage ofpotassium induced by copper in Agrostis roots (30) and Chlorella (15 with copper agrees with that in wheat roots (24) and Plectonema (12) .
